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ABSTRACT

Prophase is a critical stage of meiosis, during which
recombination—the landmark event of meiosis—exchanges
information between homologous chromosomes. The intracta-
bility of mammalian gonads has limited our knowledge on genes
or interactions between genes during this key stage. Microarray
profiling of gonads in both sexes has generated genome-scale
information. However, the asynchronous development of germ
cells and the mixed germ/somatic cell population complicate the
use of this resource. To elucidate functional networks of meiotic
prophase, we have integrated global gene expression with other
genome-scale datasets either within or across species. Our
computational approaches provide a comprehensive under-
standing of interactions between genes and can prioritize
candidates for targeted experiments. Here, we examined two
novel prophase genes predicted by computational models:
Ankrd17 and Anapc10. Their expression and localization were
characterized in the developing mouse testis using in situ
hybridization and immunofluorescence. We found ANKRD17
expression was predominantly restricted to pachytene sper-
matocytes and round spermatids. ANKRD17 was diffusely
distributed throughout the nucleus of pachytene cells but
excluded from the XY body and other heterochromatic regions.
ANAPC10 was mainly expressed in the cytoplasm of spermato-
gonia and leptotene and pachytene spermatocytes. These
experiments support our computational predictions of Ankrd17
and Anapc10 as potential prophase genes. More importantly,
they serve as a proof of concept of our integrative computational
and experimental approach, which has delivered a larger
candidate gene set to the broader reproductive community.

Anapc10, Ankrd17, computational model, experimental
validation, genomics, germ cells, meiosis, prophase,
spermatogenesis, testis

INTRODUCTION

Meiosis is the highly conserved cell division program that
results in the production of haploid gametes. Although germ

cells in both testis and ovary initiate meiosis in response to the
extrinsic inducer retinoic acid [1, 2], the putative checkpoint
controls and timing differ between sexes [3–6]. The entire pool
of oocytes enters meiosis synchronously during embryogenesis
and arrests at the end of prophase I prior to birth. Following
puberty, a cohort of oocytes resumes meiosis I and enters
meiosis II during each ovulation cycle, resulting in the release
of one mature egg; meiosis II is completed upon fertilization. In
contrast, male meiosis occurs postnatally, continuously, and
asynchronously to give rise to four spermatids, although the
first wave of spermatogenesis proceeds in a relatively
synchronous manner.

Mammalian meiosis is characterized by an extended
prophase during which homologous chromosomes pair and
undergo recombination. Recombination not only generates
genetic diversity in offspring but also is critical to the
successful completion of meiosis [7]. However, our under-
standing of mammalian prophase remains incomplete because
of technical difficulties in studying it. No permanent germ cell
line is available, isolated germ cells can be maintained in vitro
for only a few days, and no reliable transfection procedure
exists for isolated germ cells. Further, the initiation of female
meiosis during fetal development hampers the retrieval of
adequate amounts of ovarian tissue for analysis. Consequently,
we know remarkably little about the process with the exception
of a few well-characterized genes.

Genes involved in conserved processes such as recombina-
tion and chromosome behavior have been identified using
tractable model systems and subsequent mapping for mamma-
lian orthologs [4]. However, many genes required for
mammalian meiosis have no ortholog in invertebrates. For
instance, genes controlling meiotic entry in response to retinoic
acid signaling are unique to mammals [1, 2]. Direct
experimental approaches are therefore required to identify
genes specific for mammalian meiotic prophase. Several
critical prophase genes were originally linked to cancers and
identified from mouse models with null mutations [8, 9]. More
recently, unbiased genomic approaches have been employed
for the discovery of novel meiotic genes. Random mutagenesis
and phenotype screening for infertility increased the number of
known meiotic genes [10–12]. Transcriptional profiling of
mammalian gonads also helped to identify candidate genes for
functional characterization [13–20] and has been particularly
powerful when combined with conditional knockouts in
embryonic stem cells [21].

However, the use of transcriptional profiling in gonads
requires careful consideration of two issues: the asynchronous
development of germ cells and the presence of both germ and
somatic cells within the gonad. Although sorted germ cells can
be obtained from males using physical separation methods, the
limited amount of fetal ovarian tissue creates difficulty in
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isolating germ cells from females. Further, acquiring human
tissues is difficult for both sexes. Under these conditions,
computational methods offer an essential complement for
traditional approaches to decipher germ cell signals from gonad
microarray profiles.

To date, most profiling studies have applied clustering
methods to group genome-wide genes [13–20]. Such a strategy
can identify hundreds of candidates, precluding prioritization
for targeted mutagenesis. To circumvent this problem, we have
pioneered network models to investigate genome-wide inter-
actions between genes during meiotic prophase and predict
candidates based on quantitative links with known meiotic
genes, yielding a more manageable set of candidates [22, 23].
These two studies took advantage of gonad expression profiles
in prophase of oogenesis and in the first wave of spermato-
genesis, the most synchronized meiotic process. The goal of
our first study was to delineate functional pathways of human
fetal oogenesis [23]. We applied a naı̈ve Bayesian network
approach to integrating genome-scale datasets, including gene
expression, protein interactions, disease phenotype, protein
domain, phylogeny, and gene ontology. We calculated the joint
likelihood ratio for gene pairs as a quantitative measure of
functional associations. Connecting gene pairs with likelihood
ratios greater than a threshold gives rise to a complex
topological view of a network. This functional network of
the human fetal ovary, HFOnet, provides a comprehensive
understanding of interactions between genes in meiotic
prophase. We demonstrated that the performance of the
Bayesian method is better than the prediction based on any
single genome-scale dataset. The advantage of this approach
lies in the integration of heterogeneous datasets that leads to a
high-confidence functional network.

Our second study focused on identifying evolutionarily
conserved gene modules in meiotic prophase by integrating
cross-species and cross-sex expression profiles in yeast, mouse,
and human [22]. We defined metagenes as genes conserved
across species; the use of metagenes allowed us to connect
expression profiles across species. To identify conserved
coexpression metagene pairs, we calculated P values according
to the joint cumulative distribution of order statistics. Metagene
pairs with P values greater than a threshold can be connected to
form networks. Our approach greatly improved the identifica-
tion of mammalian meiotic genes compared to an approach
whereby the expression profile from a single species is used.
We also demonstrated that conserved coexpression pairs
exhibit functional connections, as evidenced by annotation
similarity and overlap with physical interactions.

Our computational approaches are quantitative, i.e., a
weight is assigned to each link between two genes in a
network. These weighted networks allow us to prioritize
candidates through their functional links or conserved
coexpression links with known meiotic genes. We have
conducted yeast sporulation assays to validate six candidates
that exhibit conserved coexpression with known meiotic
genes and found that deletion mutants of each of the six genes
exhibited meiotic defects [22]. Here, we experimentally
validated two novel genes—Ankrd17 and Anapc10—in the
mouse, both showing either functional or coexpression links
with mismatch repair genes from our computational models
[22, 23]. We examined mRNA expression and protein
localization of these two genes in developing germ cells of
mouse testis. Our results supported the prediction that these
genes may play important roles in meiotic prophase. Meiotic
function of these genes should be further characterized using
mouse models with null mutations.

MATERIALS AND METHODS

Animals and Tissues

All animal procedures were approved by the Washington State University
Animal Care and Use Committees. Washington State University is fully
accredited by the American Association for Accreditation of Laboratory
Animal Care. BL/6-129 mouse colonies were maintained in a temperature- and
humidity-controlled environment. Drinking water and food were provided ad
libitum. Male mice used in this study ranged from 5 to 90 days postpartum
(dpp) and were euthanized by asphyxiation followed by cervical dissociation.
Testis samples were collected and frozen immediately at�808C for later protein
extraction. Testis samples for in situ hybridization and immunofluorescence
were collected and immediately placed in Bouin fixative for 5 h or 4%
paraformaldehyde overnight. The samples were subsequently dehydrated with
ethanol and embedded in paraffin. Tissue sections of 3–5 lm were placed on
slides and stored at room temperature (RT) for future use. To capture most
stages of meiotic prophase, 20-dpp testis samples were used to produce
spermatocyte meiotic spreads using a published protocol [24]. Briefly, testes
were collected and detunicated immediately. Tubules were physically separated
and a small section of tubule was macerated in a sucrose solution to form a cell
suspension. Cell suspension was spread across slides and dried overnight in a
humidified chamber at 378C. Embryos of both sexes at embryonic day 12.5
were dissected and frozen immediately at �808C for later protein extraction.

In Situ Hybridization

In situ hybridization was performed to detect localization of mRNAs on
cross sections of testis tissues. Locked Nucleic Acid (LNA) probes (Exiqon)
were designed to either span exon-exon junctions or cover exon regions of a
gene and to target the unique mRNA sequence of the gene. One digoxigenin
(DIG) molecule was incorporated in the 50 end of the LNA probe. Two probes
were designed for Ankrd17 detection: exon1516—5 0TCCACTGA
CTGCTGCCATGATGT and 3069—50TGGCTGTCCAACTATCACTCCT.
Probe exon1516 targets nucleotides 3200–3222 of NM_030886 and spans
the exon 15-exon 16 junction. Probe 3069 targets nucleotides 3069–3090 of
NM_030886 in exon15. As exon 15 (nucleotides 2459–3211 of NM_030886)
is absent in the other isoform NM_198010, these two probes allow us to detect
isoform-specific expression. Two probes were designed for Anapc10 detection:
exon12—5 0ATGACAATCCTTCTGATTCGCCACA and 1661—
50TAGCCTTCCATCCACCATAAGT. Probe exon12 targets nucleotides 13–
37 of NM_026904 and spans the exon 1-exon 2 junction. Probe 1661 targets
nucleotides 1661–1682 of NM_026904 in exon 5. The negative scrambled
probe is 50GTGTAACACGTCTATACGCCCA.

The in situ procedure was based on a published protocol [25] with
modifications. Briefly, Bouin-fixed tissue slides were used; tissue sections were
digested with 1 lg/ml proteinase K (Roche) at 378C for 30 min. Tissue slides
were hybridized with 500 nM probes overnight at a desired temperature (458C
for Ankrd17 exon1516, 508C for Ankrd17 3069, 488C for both probes of
Anapc10). An alkaline phosphatase-conjugated anti-DIG antibody (1:100;
Roche) was applied to the slides at RT for 1 h. The mRNA expression was
finally detected by incubating slides with nitro-blue tetrazolium chloride/5-
bromo-4-chloro-30 indolyphosphate p-toluidine salt solution (Roche). Harris
hematoxylin (Sigma-Aldrich) was subsequently applied to stain nuclear
chromatin. Tissue sections were digitally photographed using a Nikon
Microphot-FX microscope. Testis tissues from at least three mice were
analyzed for each gene probe; the negative probe was used in every experiment.

Western Blot Analysis

Testes and embryos were homogenized on ice to prepare protein samples in
RIPA buffer (1% nonidet P-40, 0.5% sodium deoxycholate, 0.1% SDS in PBS)
containing protease inhibitors (Roche). Proteins were extracted similarly from
logarithmically growing mouse fibroblast NIH 3T3 cells and human embryonic
kidney 293T cells. Protein concentration was measured using the DC protein
assay kit (Bio-Rad). A 30-lg protein sample was loaded onto each lane of an
SDS-PAGE gel. To detect ANKRD17, proteins were separated on a 6% gel
with a high-range protein ladder (Thermo) and transferred to Protran
nitrocellulose membrane (Whatman) at 48C for 45 h. To detect ANAPC10,
proteins were separated on a 15% gel with a protein ladder (Fermentas) and
transferred to nitrocellulose membrane for 1 h. To ensure complete transfer of
proteins to the membrane, the membrane was stained with Ponceau S solution
(0.2% Ponceau S in 3% acetic acid) to detect proteins. Membranes were
blocked in 5% nonfat dry milk TBS for 1 h. Incubation with primary antibodies
(rabbit anti-ANKRD17 [1:1000; IHC-00596; Bethyl Laboratories], rabbit anti-
ANKRD17 [1:1000; A301-664A; Bethyl Laboratories], rabbit anti-ANAPC10
[1:1000; sc20989; Santa Cruz Biotechnology], mouse anti-b-actin [1:5000;
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A5316; Sigma]) was performed at 48C overnight. The peptide blocking
experiment was conducted by incubation with both rabbit anti-ANKRD17
(1:1000; A301-664A and IHC-00596) and the peptide (1:200; BP301-664;
Bethyl Laboratories) that specifically blocks the ability of A301-664A to bind
ANKRD17. Incubation with horseradish peroxidase-coupled secondary
antibodies (anti-rabbit [1:5000; GE Healthcare], anti-mouse [1:5000; GE
Healthcare]) was performed at RT for 1 h. Protein signals were visualized using
the ECL Western blotting system (GE Healthcare). Membranes were digitally
photographed using LAS 4000 (Fujifilm). Each primary antibody was tested on
at least two distinct protein homogenates for each tissue type or cell line.

Immunofluorescence

The immunofluorescence procedure was based on a published protocol [25]
with modifications. The primary antibodies utilized in Western blots were
applied to testis sections to examine protein localization by immunofluores-
cence. ANKRD17 and ANAPC10 were detected using Bouin-fixed and
paraformaldehyde-fixed testis sections, respectively. Tissue slides were boiled
in 0.01 M citrate buffer (pH 6) for 5 min to retrieve antigens. Tissue sections
were blocked with 10% normal goat serum for 30 min and incubated with
either rabbit anti-ANKRD17 (1:1000; IHC-00596; Bethyl Laboratories) or
rabbit anti-ANAPC10 (1:200; sc20989) at RT overnight. Tissue sections were
subsequently incubated with Alexa Fluor 488 goat anti-rabbit IgG (1:1000;
Invitrogen) at RT for 1 h to detect rabbit anti-ANKRD17, or with biotin-SP
conjugated goat anti-rabbit IgG (1:500; Millipore) followed by Alexa Fluor
488-conjugated streptavidin (1:1000; Invitrogen), both at RT for 1 h, to detect
rabbit anti-ANAPC10. Tissue slides stained for both ANKRD17 and
ANAPC10 were mounted under coverslips using Vectashield with 40,6-
diamidino-2-phenylindole (DAPI; Vector Laboratories). Tissue sections were
digitally photographed using a Zeiss Axioplan microscope. Control experi-
ments followed the same procedure except incubation was without the primary
antibody. Tissue sections from at least three mice were analyzed for each
immunofluorescence experiment.

Spermatocyte Meiotic Spread

Spermatocyte spreads were immunostained similarly to testis sections in the
immunofluorescence experiment. Cells were blocked with 10% normal donkey
serum for 30 min and subsequently incubated with rabbit anti-ANKRD17
(1:200; IHC-00596) overnight followed by goat anti-SYCP3 (1:75; sc33874;
Santa Cruz Biotechnology) for 2 h, both at 378C. After two washes, cells were
incubated with Alexa Fluor 488 donkey anti-rabbit IgG (1:75; Invitrogen)
overnight followed by Alexa Fluor 568 donkey anti-goat IgG (1:200;
Invitrogen) for 45 min, both at 378C. Slides were mounted using Vectashield
with DAPI (Vector Laboratories) and visualized under a Zeiss Axioplan
microscope. Control experiments followed the same procedure except
incubation was without anti-ANKRD17 or anti-SYCP3. The spermatocyte
spread experiment was repeated on cells from at least three mice.

RESULTS

Developmental Expression and Localization of Ankrd17

Identification of Ankrd17 as a candidate prophase gene.
Ankrd17 stands for ankyrin repeat domain-containing protein
17. In our functional gene network of human fetal ovary,
ANKRD17 forms a clique with DNA mismatch repair genes
MSH4, MSH5, and MSH3 [23]. A clique is a set of genes in
which each one is connected to every other, providing a
stringent definition for meiotic functional pathways. This result
indicates that ANKRD17 might function in prophase although
this protein has never been implicated in the meiotic process.
Interestingly, Ankrd17 is expressed in fetal ovary and adult
testis in both human and mouse [14, 16, 19, 20, 26]. It is
induced in embryonic stem cells treated with retinoic acid [27].
Further, ANKRD17 exhibits an expression pattern similar to
mismatch genes MSH3, MSH4, and MSH5 in colorectal tumor
samples [28]. These data support our prediction that Ankrd17
has a possible role in meiosis and mismatch repair response.
However, cellular expression patterns of Ankrd17 were
uncharacterized in the testis or ovary, neither its function in
meiosis. We therefore examined mRNA and protein expression
of Ankrd17 in the developing mouse testis.

Ankrd17 mRNA is expressed in multiple stages of male
germ cells. Two major mRNA isoforms of mouse Ankrd17 are
annotated in NCBI Reference Sequences (Build 37.2). The full-
length Ankrd17 mRNA (NM_030886) is 10 066 nucleotides
long, containing 34 exons. Exon 15 is absent in the other
isoform, NM_198010, which is 9313 nucleotides long with 33
exons. We designed two LNA probes that are uniquely mapped
to Ankrd17 mRNA. Probe exon1516 covers the exon 15-exon
16 junction and probe 3069 targets exon 15. This probe design
allows us to detect isoform-specific expression in the testis.

In situ hybridization was performed to determine the Ankrd17
mRNA expression in cross sections of testis from 5-, 10-, 20-,
and 90-dpp mice. Germ and somatic cell types were identified
based on their nuclear morphology and position within the
developing gonad. We observed that Ankrd17 is constitutively
expressed in germ cells from 5 to 90 dpp. Transcript was present
in both cytoplasm and nuclei of germ cells. No expression was
observed in Sertoli cells or the interstitial space between tubules
at any age tested. Transcripts were mainly confined to
spermatogonia at 5–10 dpp, with expression also detected in
preleptotene and leptotene spermatocytes at 10 dpp (Fig. 1, B
and C). At 20 and 90 dpp, pachytene spermatocytes exhibited
the strongest Ankrd17 signal; other stages of germ cells,
specifically spermatogonia, preleptotene and leptotene sper-
matocytes, and round and elongating spermatids, also expressed
the mRNA at these ages (Fig. 1, D–F). Images using exon1516
are shown in Figure 1; hybridization with probe 3069 exhibited
similar results. This suggests that the full-length Ankrd17 mRNA
(NM_030886) is present in the testis.

ANKRD17 protein is expressed in the testis. Two major
protein isoforms of mouse ANKRD17 are also annotated in
NCBI Reference Sequences (Build 37.2). The full-length
protein (NP_112148) has 2603 amino acids with a predicted
molecular mass of 274 kDa. It contains 25 ankyrin repeats and
one KH domain; ankyrin repeats are among the most common
sequence motifs that function as interaction mediators [29].
The other isoform (NP_932127) has 2352 amino acids with a
predicted molecular mass of 247 kDa.

Before examining ANKRD17 expression in male germ cells,
we first verified the specificity of commercial antibodies by
Western blots using total testis protein extracts. Total lysates of
mouse embryos and human 293T cells served as positive control
because endogenous expression of ANKRD17 was detected in
these controls at a molecular mass of ;260 kDa [30, 31]. We
further included mouse 3T3 cells in the experiment. Both
antibody IHC-00596 and antibody A301-664A recognize an
epitope that maps to a region between residues 1550 and 1600 of
human ANKRD17; this region exhibits 100% sequence identity
to that of mouse ANKRD17. IHC-00596 is recommended for
immunohistochemistry, whereas A301-664A is recommended
for immunoprecipitation. Using A301-664A for Western blots,
we identified two bands around 250 kDa in the positive control:
embryos and 293T cells. We estimate that these two bands
correspond to the isoforms of 274 and 247 kDa, confirming the
specificity of the commercial antibody. Two bands around 250
kDa were also observed in 90-dpp testes and mouse cell line
3T3, but were absent from 10-dpp testes (Fig. 2A). Because
most germ cells are spermatogonia at 10 dpp and are spermatids
and spermatocytes at 90 dpp [32], the Western results suggest
that spermatids and spermatocytes may exhibit stronger
expression of ANKRD17 than spermatogonia. In addition,
A301-664A recognized a few lower-molecular mass bands at
100 and 70 kDa, which may correspond to degraded proteins or
short isoforms.

To further probe the specificity of ANKRD17 antibodies,
we repeated Western blots in the presence of BP301-664, a
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peptide that specifically blocks the ability of A301-664A to

bind ANKRD17. No signal was detected in any sample

(Supplemental Fig. S1; all Supplemental Data are available

online at www.biolreprod.org), suggesting all bands observed

in the Western blot without the blocking peptide are specific to

ANKRD17 antibody. Western blots with antibody IHC-00596

in the absence and presence of the same blocking peptide
exhibited similar results to those using A301-664A (Supple-
mental Fig. S2). These experiments confirmed the specificity of
commercial antibodies A301-664A and IHC-00596. Thus IHC-
00596 was used for all immunofluorescence experiments
described below.

ANKRD17 protein localizes to the nucleus of male germ
cells. Immunofluorescence experiments were performed to
determine ANKRD17 localization within testis cross sections
(Fig. 3). An age series of testis sections was examined in a
similar manner to what was performed for in situ hybridization:
5, 10, 20, 30, and 90 dpp. Protein signals were mainly localized
to the nuclei of spermatocytes, although granules of stain
appeared in the cytoplasm of Sertoli cells at 5–10 dpp (Fig. 3,
B and C). ANKRD17 expression first appeared in spermato-
gonia at 10 dpp (Fig. 3C). Diffuse staining was observed
throughout the nuclei of pachytene spermatocytes from 20 to
90 dpp (Fig. 3, D–F). Round spermatids exhibited intense
signals for ANKRD17 at 30 and 90 dpp (Fig. 3, E and F).
Much stronger expression was observed in pachytene sper-
matocytes and round spermatids at 90 dpp than that in
spermatogonia at 10 dpp. These results are consistent with our
Western blot analyses, as we detected ANKRD17 (;250 kDa)
in 90-dpp testes (mostly spermatids followed by spermato-
cytes) but not in 10-dpp testes (mostly spermatogonia) (Fig.
2A). Sertoli cells in older mouse tissues and the interstitial
space between tubules showed no detectable expression of the
protein. Protein localization of ANKRD17 was similar to
mRNA expression patterns (Fig. 1), but with a time delay.

ANKRD17 protein localizes to euchromatin at the
pachytene stage. Immunofluorescence experiments on testis
sections suggest nuclear localization of ANKRD17 in sper-
matocytes. To determine whether ANKRD17 localizes to
meiotic chromosomes, we performed immunostaining of
spermatocyte spreads with anti-ANKRD17 and anti-SYCP3.

FIG. 1. Ankrd17 expression in developing mouse testis. In situ hybridization was performed on testis cross sections using DIG-labeled LNA probes.
Control section was hybridized to the negative scrambled probe (A). Cells with positive signal to Ankrd17 probes are colored mauve (B–F). Chromatin is
stained blue with Harris hematoxylin. Bars ¼ 50 lm. Arrows: yellow, spermatogonia; red, preleptotene/leptotene spermatocytes; orange, pachytene
spermatocytes; white, round spermatids; blue, elongating spermatids; black, Sertoli cells.

FIG. 2. Detection of ANKRD17 and ANAPC10 in mouse tissues and cell
lines by Western blot analyses. Total protein lysates were prepared from
10- and 90-dpp testes, embryos at Embryonic Day 12.5, and 3T3 and
293T cells. ANKRD17 antibody (A) and ANAPC10 antibody (B) were used
to detect protein expression. The asterisks in A mark the two bands around
250 kDa.
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We examined protein localization in four stages of meiotic
prophase: leptotene, zygotene, pachytene, and diplotene (Fig.
4). ANKRD17 was absent at the leptotene stage and exhibited
weak signals at the zygotene stage. Expression of ANKRD17
was strongest in pachytene cells and less intense in diplotene
cells. The high expression of ANKRD17 in pachytene cells is
consistent with its expression pattern within testis cross
sections. Interestingly, although ANKRD17 was diffusely
distributed across the nucleus during the pachytene and
diplotene stages, it was absent from the XY body, a highly
heterochromatic region where both transcription and recombi-
nation are restricted. Further, ANKRD17 was absent from
areas with the most dense DAPI staining, also a hallmark of
heterochromatin, particularly centromeres. These results sug-
gest that ANKRD17 may associate only with euchromatin,
potentially for regulating transcription and recombination. The
localization of ANKRD17 onto euchromatin is also observed
in round spermatids (Supplemental Fig. S3). No colocalization
was observed between ANKRD17 and SYCP3, a marker for
the synaptonemal complex between paired homologues.

Developmental Expression and Localization of Anapc10

Identification of Anapc10 as a candidate prophase gene.
Anaphase-promoting complex (APC) is a conserved ubiquitin
ligase complex that degrades mitotic cyclins and anaphase
inhibitory proteins; it is required for anaphase initiation and
mitotic exit [33–36]. APC activity is also important for the
metaphase to anaphase transitions in meiosis, where cell
division occurs twice [37]. ANAPC10 is an essential subunit of
APC conserved from yeast to human [33–36]. In our conserved
coexpression networks of meiotic prophase, Anapc10 exhibits
similar expression to Msh4, Msh5, and Nipbl, suggesting that
Anapc10 may also function in meiotic prophase [22]. Thus, we
conducted sporulation experiments to validate the meiotic
function of DOC1, the budding yeast ortholog of Anapc10. A

deletion mutant strain of doc1 exhibited more than 6-fold
reductions in sporulation efficiency compared to wild type, and
no tetranucleate cell was observed in the mutant [22]. This
result is consistent with the sterile phenotype of the apc10
mutant in fission yeast [36]. However, the sterile phenotype
does not imply the timing of Anapc10 function, which may
occur in prophase or anaphase. The involvement of Anapc10 in
meiotic prophase has never been examined before. We know
only that the Anapc10 transcript was most abundant in the
testis among several adult mouse tissues [38]. Therefore, we
examined the cellular expression and localization of Anapc10
within the testis using methods as for Ankrd17.

Anapc10 mRNA is expressed in multiple stages of male
germ cells. Anapc10 mRNA (NM_026904) is 2802 nucleo-
tides long, containing five exons. We designed two LNA
probes that uniquely target Anapc10 mRNA. Probe exon12
covers the exon 1-exon 2 junction and probe 1661 is
complementary to exon 5. To determine Anapc10 expression
in an age series of testis sections, we performed in situ
hybridization using these LNA probes. At each age examined
from 5 dpp to adult, Anapc10 transcripts localize specifically to
the germ cell, mainly the cytoplasm. Expression was never
detected in either Sertoli cells or the interstitial space.
Spermatogonia showed the strongest signal for Anapc10
among all germ cell types at every age. Anapc10 initially
appeared in spermatogonia at 5 dpp, then localized in both
spermatogonia and preleptotene/leptotene spermatocytes from
10 dpp through adult (Fig. 5, B–F). Expression in pachytene
spermatocytes began at 20 dpp; expression was present in
round spermatids in adult testis sections (Fig. 5, D–F). Similar
results were obtained from both probes, and images of
hybridization with exon12 are shown in Figure 5.

ANAPC10 protein is present in multiple stages of male
germ cells. In contrast to ANKRD17, mouse ANAPC10 is a
small one-domain protein consisting of 185 amino acids. The
commercial antibody, sc-20989, was raised against full-length

FIG. 3. Localization of ANKRD17 in developing mouse testis. Immunofluorescence was performed on testis cross sections. No anti-ANKRD17 serves as
the control (A). ANKRD17 expression is colored green (B–F). DNA is stained blue with DAPI. Bars ¼ 50 lm. Arrows: yellow, spermatogonia; orange,
pachytene spermatocytes; white, round spermatids. Asterisks in B and C indicate cytoplasm of Sertoli cells.
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human ANAPC10, which has 99% sequence identity to the
mouse ortholog. The molecular mass of mouse ANAPC10 is
predicted to be 21 kDa. One single band of the expected
molecular mass was found in both 10- and 90-dpp testis
samples by Western blotting, indicating that this antibody
could specifically recognize ANAPC10 (Fig. 2C). A few weak
bands with higher molecular masses were also detected, which
could be because of association of ANAPC10 with other
subunits in the APC complex or unidentified ligands [33, 39].
The specificity of the ANAPC10 antibody was further
confirmed by detecting a specific band of 21 kDa in both
nontransfected and mouse Anapc10-transfected 293T cells
(Supplemental Fig. S4).

Cellular localization of ANAPC10 protein examined by
immunofluorescence matched its mRNA expression by in situ
hybridization. ANAPC10 localized to mitotic and meiotic germ
cells, including spermatogonia, preleptotene/leptotene sper-
matocytes, and pachytene spermatocytes (Fig. 6). However, no
signal was detected in round and elongated spermatids. Signal
intensity was highest in the cytoplasm of germ cells. No
nuclear expression was detected in cross sections or in
spermatocyte spreads (data not shown). ANAPC10 exhibited
diffuse signals in the cytoplasm of spermatogonia and Sertoli

cells at 5 dpp but became restricted to germ cells as the animal
matured (Fig. 6B). At 10 dpp, ANAPC10 was detectable in the
cytoplasm of spermatogonia and preleptotene spermatocytes
(Fig. 6C). At 20 dpp, ANAPC10 was present in leptotene and
pachytene spermatocytes (Fig. 6D). From 30 dpp onwards,
protein expression was confined to spermatogonia and
preleptotene and pachytene spermatocytes (Fig. 6, E and F).
No expression of ANAPC10 was detected in the interstitium or
in Sertoli cells from 10 dpp onwards.

DISCUSSION

Meiosis is a developmental program essential for human
reproduction. Indeed, meiotic errors are associated with
infertility, miscarriages, and birth defects [40]. However,
because of the intractability of mammalian gonads, we know
remarkably little about genes or interactions between genes
required for meiosis. We have developed computational
models to investigate networks of meiotic prophase by
integrating genome-scale datasets within or across species
[22, 23, 41]. These quantitative approaches allow us to infer
potential functional connections between genes and prioritize
candidates for experimental testing. This study investigated the

FIG. 4. Localization of ANKRD17 in meiotic cells. Immunofluorescence was performed on spermatocyte spreads from 20-dpp testes. ANKRD17 is
colored green; SYCP3 is colored red; DNA is stained blue with DAPI. Four prophase stages were captured: leptotene, zygotene, pachytene, and diplotene.
Bars¼ 10 lm.
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expression and localization of two candidate genes, Ankrd17
and Anapc10, in the germ cell of developing mouse testes; both

were identified from our computational networks of meiotic

prophase.

Ankrd17 was initially cloned and identified from a gene trap

integration in embryonic stem cells [27]. Interestingly, the

expression of this gene trap cell line was induced after

exposure to exogenous retinoic acid, suggesting Ankrd17 is a

FIG. 5. Anapc10 expression in developing mouse testis. In situ hybridization was performed on testis cross sections using DIG-labeled LNA probes.
Control section was hybridized to the negative scrambled probe (A). Cells with positive signal to Anapc10 probes are colored mauve (B–F). Chromatin is
stained blue with Harris hematoxylin. Bars ¼ 50 lm. Arrows: yellow, spermatogonia; red, preleptotene/leptotene spermatocytes; orange, pachytene
spermatocytes; white, round spermatids; blue, elongating spermatids; black, Sertoli cells.

FIG. 6. Localization of ANAPC10 in developing mouse testis. Immunofluorescence was performed on testis cross sections. No anti-ANAPC10 serves as
the control (A). ANAPC10 expression is colored green (B–F). DNA is stained blue with DAPI. Bars ¼ 50 lm. Arrows: yellow, spermatogonia; red,
preleptotene spermatocytes; pink, leptotene spermatocytes; orange, pachytene spermatocytes. Asterisk in B indicates cytoplasm of Sertoli cells.
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retinoic acid-responsive gene [27]. Characterization of the
mouse line with integration of the same gene trap indicates that
Ankrd17 is the earliest and most specific marker of fetal hepatic
differentiation [26]. Ankrd17-deficient mice die prenatally
because of cardiovascular defects [31]. Later cell culture
studies identified ANKRD17 as a substrate of cyclin E/CDK2
[30]. Overexpression of ANKRD17 promotes S phase entry,
whereas depletion of ANKRD17 inhibits DNA replication and
blocks cell cycle progression, suggesting its positive role in
regulating G1-S transition [30]. Cell culture studies have also
localized ANKRD17 to the nucleus and found it interacts with
DNA replication factors as well as the VP1 capsid structural
protein of enterovirus 71 [30, 42]. Ankrd17 is ubiquitously
expressed in a range of adult and fetal tissues in both human
and mouse [16, 26, 30] and is also detected in fetal ovary and
adult testis when meiosis occurs [14, 16, 19, 20, 26]. Further,
expression of ANKRD17 is reduced in colorectal tumor
samples compared with the normal tissue, a pattern similar to
mismatch repair genes such as MSH3, MSH4, and MSH5 [28].

Despite these studies, it remained unknown whether Ankrd17
functions in meiotic prophase. Our study represents the first
investigation of Ankrd17 expression and localization in the male
germ cell. We found that the mRNA and protein expression
patterns were concordant at different stages of testis develop-
ment. ANKRD17 was prominently confined to the germ cell,
particularly to pachytene spermatocytes and round spermatids.
ANKRD17 was present only in the nucleus of the meiotic germ
cells, which is consistent with its localization in somatic cells
[30, 42]. Data from spermatocyte spreads confirmed that
ANKRD17 was predominantly expressed at the pachytene
stage. ANKRD17 was diffusely distributed across the nucleus
but was absent from the XY body and other heterochromatic
regions. The association of ANKRD17 with euchromatin of
pachytene cells suggests its possible roles in regulating
transcription or as a scaffold protein. Although our computa-
tional model suggests a potential role of ANKRD17 in meiotic
recombination, this protein may not be directly involved in
processing meiotic double strand breaks because it does not form
foci associated with the synaptonemal complex. Thus the role of
ANKRD17 in recombination is likely indirect.

APC is a multi-protein complex that functions as an
ubiquitin ligase. APC initiates sister chromatid separation by
ubiquitinating anaphase inhibitors, thus triggering mitotic exit
[43]. APC activity is also essential for metaphase to anaphase
transitions in both meiosis I and meiosis II [37]. Several studies
have demonstrated the requirement of APC for homologue
disjunction in meiosis I of mouse oocytes [44–46]. APC is
composed of more than 10 subunits, most of which are
conserved from yeast to vertebrates [33–36]. DOC1/Anapc10
is a component of APC and is essential for APC function in
both yeast and mouse [33–36]. Mutation of yeast doc1
inactivates APC function [34], and a homozygous mutation
in mouse Anapc10 results in embryonic lethality [38, 47]. Both
are due to mitotic arrest in the transition from metaphase to
anaphase. In addition, apc10 mutants in budding yeast and
fission yeast exhibit sporulation defects [22, 36]. Structural
studies suggest that APC10 confers substrate specificity by
forming the receptor for destruction signals such as degrons
[33, 48]. Human ANAPC10 is diffusely distributed in the
cytoplasm throughout mitosis; additionally, ANAPC10 local-
izes in centrosomes, mitotic spindles, and kinetochores [39].
Anapc10 is present in a variety of mouse tissues including
liver, heart, spleen, and lung, but is strongest in the testis [38].

Until now it was thought that APC only functions during
metaphase to anaphase transitions in meiosis. Our study
suggests that Anapc10 may act very early in meiotic prophase.

ANAPC10 was mainly present in spermatogonia and leptotene
and pachytene spermatocytes. More specifically, ANAPC10
localizes to the cytoplasm of germ cells, consistent with its
subcellular localization in somatic cells during mitosis [39].
This suggests that ANAPC10 may play a role in remodeling
the cytoskeleton during germ cell transition from mitosis to
meiosis. Further experiments will be required to determine
whether it localizes to an organelle in the cytoplasm of
spermatogonia and spermatocytes. Anapc10 was identified by
our computational model as a meiotic candidate because of an
expression profile similar to Msh4 and Msh5 in prophase of
both males and females [22]. The prediction based on
conserved coexpression does not guarantee physical interac-
tions or functional associations. Our experimental results
suggest that the coexpression link between Anapc10 and
Msh4/Msh5 may reflect the concurrent processes of microtu-
bule reorganization and recombination in meiotic prophase.

Identification of gene networks that regulate male and
female meiosis is a prerequisite if we are to bridge the
knowledge gap of germ cell biology. This study demonstrated
that our integrative computational and experimental approach
is valuable in the identification of novel meiotic genes, for
which little or no information regarding meiotic function is
available. In fact, Ankrd17 and Anapc10 could not be identified
solely based on their microarray expression or similar
expression profiles to Stra8 [25]. Our approach has proven
successful, as the expression and localization patterns of
Ankrd17 and Anapc10 implicate their roles in meiotic prophase
of male germ cells. Meiotic functions of these two genes will
be determined by future loss-of-function studies in both males
and females. Notably, though, characterizing expression and
meiotic function of two candidate genes serves as a proof of
concept of our approach; such studies can be performed on any
candidate in a specific meiotic process. Our approach is to
generate a global meiotic network before the undertaking of
gene prioritization and functional characterization. The com-
putational models also allow the identification of candidate
genes that are specific to males or females and those that are
common to both sexes. Therefore, the significance of this study
lies not only in the expression analysis of two candidate genes,
but also in the proof of concept of our computational models,
which have delivered a larger candidate gene set to the broader
reproductive community [22, 23, 41]. We have previously
validated these models statistically by using known meiotic
genes. Because of the small number of mammalian meiotic
genes (;100) among genes genome-wide (;20 000), the
precision of identifying known meiotic genes by random cherry
picking is 0.5%. Our models have achieved up to 8-fold
increase in precision compared to random cherry picking and
up to 7-fold increase in precision compared to coexpression
analyses of individual microarray studies [22, 23, 41]. The
ultimate proof of our models would be experimentally testing a
list of top-ranked candidate genes to obtain prediction
accuracy. In summary, our computational models should
accelerate the meiotic gene discovery process, increase our
understanding of mammalian gametogenesis, and have a broad
impact on reproductive research.
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